Introduction
Reducing the operating temperature is the major challenge faced by solid oxide fuel cells (SOFCs). Development of intermediate temperature SOFCs (IT-SOFCs) requires, among different improvements in all fuel cell components, the use of new solid electrolytes with high ionic conductivity and negligible electronic conductivity at temperatures in the 600-800 ºC range.
The cubic phase of scandia-stabilized zirconia (ScSZ) is an interesting candidate as electrolyte material for IT-SOFCs. ScSZ shows the highest conductivity at 1000 ºC with scandia concentration of 11 mol% 1 . However, for ScSZ with more than 9 mol% of scandia, the material undergoes a cubic-rhombohedral phase transition at 600 ºC, which significantly decreases the ionic conductivity bellow this temperature 1,2 . This phase transformation can be avoided by limiting the scandia content to 8-9 mol% but the material suffers from aging effects in annealing at high temperatures 2 . Co-doping with other metals is another mechanism for avoiding phase transformation in ScSZ and improving the conductivity at low temperatures [3] [4] [5] [6] [7] [8] . In this sense, stabilization of the cubic phase at room temperature of ScSZ by substitution of Al 5 , Yb 4 or Bi 3 for Sc has been reported. Yttria co-doping has been investigated in the system (ZrO 2 ) 0.89 (Sc 2 O 3 ) 0.11-x (Y 2 O 3 ) x (0  x  0. 11) and found that compositions with 1 and 2 mol% yttria combine the best properties of both Association between the dopant cations and the compensating anion vacancies usually takes place in stabilized zirconas. In this case, the conduction mechanism is explained by two processes: dissociation of the dopant cations and anion vacancies and oxygen migration 9 . The dissociation process takes place at the lower temperatures and therefore, the activation enthalpy of the O 2-conduction consists of the addition of the association enthalpy and the migration enthalpy. At the highest temperatures, the activation enthalpy only depends on the migration process. However, high activation enthalpies observed at low temperatures in some systems are explained by an additional process of short-range ordering of anion vacancies 6, 10 .
In this present work we have studied the effects of magnesia co-doping in the stabilization of the cubic phase and oxygen anion conduction mechanism of ScSZ. We have studied the crystal structure and ionic conductivity of the (ZrO 2 ) 0. and afterwards calcined at 700˚C for 9 h. The obtained powders were isostatically pressed into a bar under a pressure of 120 MPa followed by sintering at 1600˚C for 8 h.
Crystalline phase identification and purity of the samples were determined by powder X-ray diffraction (XRD) on a RIGAKU RU-200B diffractometer, using filtered CuK 1 , 2 radiation (λ 1 = 1.5406 Å, λ 2 = 1.5443 Å, K 1 /K 2 ratio of 0.51) and equipped with scintillation detector. The atomic ratio of the metals was determined by X-ray energy dispersive spectroscopy (XEDS) analyses finding good agreement between analytical and nominal composition in all the crystals.
Raman spectra were obtained using a laser Raman system (Jasco NRS3300) with Ar ion laser (488 nm 0.1 W) in the wavenumber range of 200-800 cm −1 .
For transmission electron microscopy the samples were ground in n-butyl alcohol and ultrasonically dispersed. A few drops of the resulting suspension were deposited in a carbon-coated grid. Selected Area Electron Diffraction (SAED) and High Resolution
Transmission Electron Microscopy (HRTEM) studies were carried out with a JEOL JEM 3000F microscope operating at 300 kV (double tilt (±20º) (point resolution 1.7 Å), fitted with a XEDS microanalysis system (OXFORD INCA).
Synchrotron Radiation High Resolution Powder X-ray diffraction (SXRD) patterns
were collected on the SpLine the Spanish CRG beamline BM25A at the European Synchrotron Radiation Facility (ESRF), Grenoble (France). The monochromator is a pseudo channel-cut with two fixed Si (111) crystals moved together by a simple goniometer circle, in the (-n,+n) configuration. The first monochromator crystal is Ethanol-cooled while the second crystal is kept at room temperature. The second crystal is equipped with a piezoelectric driver that allows changing very slightly the Bragg angle (pitch adjustment) in order to reduce the harmonic content of the beam, if necessary, and to keep the transmission of the monochromator constant during long-time intervals. Also, a bender curves sagittally the second crystal in order to focus the beam at the sample positions 11 The sample was finely ground and loaded into a 0.4 mm diameter capillary mounted in a spinning goniometer. Room-temperature data were collected in a continuous 2θ-scan mode from 7 to 48 using an incident wavelength of 0.62100(6) Å (calibrated with NIST SRM 640c silicon powder; a=5.431195(9) Å). 12 The counts from the different channels were rebinned to produce an equivalent normalized step scan of 0.01 step intervals, with a count time of 1 s per step. The powder diffraction data were analyzed by the Rietveld method, using the FullProf program 13 .
Scanning electron microscopy (SEM) experiments were performed using a FEI XL30 ® apparatus equipped with an EDAX ® analyzer XEDS.
Ionic conductivity was determined from complex impedance diagrams at different temperatures. Impedance measurements were carried out using a frequency-response analyzer (Solatron 1255) over a frequency range 10 -1 to 10 7 Hz with an applied potential of 0.2 V in the temperature range 250-1000˚C under an open atmosphere.
Density of the sintered pellets was measured by means of the Archimedes method using specific gravity measuring instrument (Sartorius) at 23.5˚C under atmospheric pressure and density of water 0.99744 gcm -3 as a standard. peaks from 400 to 500 appearing in some of the spectra must be related to some minor 9 phase in the sample. A single peak at around 620 cm -1 is assigned to cubic phase. 14, 16, 17 .
Results and Discussion
These results indicate that the cubic is the main phase of the sample corresponding to x = The reason for the formation of t'' phase is explained by the local ordering to oxide ions. 15 We have carried out synchrotron radiation XRD measurement (and Rietveld analysis of these data) for (ZrO 2 ) 0.89 (Sc 2 O 3 ) 0.08 (MgO) 0.03 , which was identified as pure cubic phase by conventional XRD measurements and Raman spectroscopy. Figure 4 shows the fitting of the SXRD pattern to the calculated one using the structural model given in Table 1 . The metal ratio determined by XEDS was confirmed, moreover SXRD data allowed to refine the oxygen content, suggesting the existence of a large concentration of oxygen vacancies undoubtedly related to the high ionic conductivity observed. The good fitting obtained (R wp = 3.53%) strongly suggests that the average structure of this material is of cubic symmetry. As shown in Table 1 there is a change of slope, suggesting a variation of the activation energy of the conduction process. The activation enthalpies are lower for the high temperature region than for the low temperature region (the regions are indicated in Figure 6a ). This is in agreement with a conduction mechanism based on two processes 9 . In the low temperature region the activation enthalpy depends on both the enthalpy of association of the dopant cations and anion vacancies (H a ) and the anion migration enthalpy (H m ). However, in the high temperature region, the activation enthalpy of the conduction process is mainly related to the oxygen ion migration enthalpy. The association enthalpies have been calculated taking into account that H act = H a + H m , where H act is the activation enthalpy of the conduction process in the low temperature region. In the higher temperature region, H a is equal to H m .
H m can be estimated from the gradient in Figure 6 in high temperature region and Ha is also estimated from the increase of the gradient in the lower temperature region. Figure 7a shows the variation of the activation enthalpy in the high temperature region and Figure 7b shows ,1.-.(  ,1.-.($  ,1.-.'  ,1.-. 
